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The invention relates to an optical head for scanning an optical record carrier 
having an information layer, the head comprising a radiation source for generating a radiation 
beam, an optical system for converging the radiation beam to a focus on the information 
layer, the optical system imparting a temperature-dependent first wavefront deviation to the 
5 radiation beam, and a compensator arranged in the radiation beam for compensating the first 
wavefront deviation. The invention also relates to a set of optical elements comprising an 
optical element and a compensator, the optical element being arranged in the path of a 
radiation beam and imparting a temperature-dependent first wavefront deviation to the 
radiation beam, the compensator being arranged in the path of the radiation beam for 

10 compensating the first wavefront deviation. 

The increase in the information density of record carriers* in the field of optical 
recording is accompanied by a commensurate decrease of the size of the radiation spot for 
scanning the record carrier. The decrease of the spot size is achieved by shorter wavelengths 
and higher numerical apertures (NA) of the radiation beam incident on the record carrier. 
1 15 These factors narrow the tolerances of the optical components in an optical scanning head. In 
particular, the effect of environmental influences on the components becomes noticeable. 
Temperature changes affect the refractive index and shape of a lens, causing, amongst others, 
a change of the focal distance, also called defocus, and the introduction of spherical 
aberration. In general, an optical head comprises a collimator lens and an objective lens. The 

20 most important temperature-induced wavefront deviation for the objective lens is spherical 
aberration; defocus is less important because any change in the position of the focal spot will 
automatically be corrected by an automatic focus servo system. Since the NA of the radiation 
beam incident on the collimator lens is relatively small, the most important temperature- 
induced wavefront deviation for the collimator lens is defocus. The fixed position of the 

25 collimator lens with respect to the radiation source causes defocus to change the conjugates 
of the collimator lens away rrom the design wivjugatcs, resulting in aberrations. The 
narrower tolerances limit the possibilities to employ plastic for the manufacture of the lenses 
because most plastics are highly susceptible to changes in temperature. Several proposals 
have been put forward to reduce the effect of temperature changes. 
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One solution is to adapt the shape of the lenses in the optical head and to 
choose lens materials having a specific temperature variation of the refractive index. Such an 
optical head is known from the US patent no. 4,753,524. A drawback of this optical head is, 
that the design freedom is strongly reduced by the requirements imposed on the lens shapes 
5 and the choice of materials. It might even necessitate the use of a third lens in the optical 
head. 

Another solution is disclosed in European patent application no. 0 632 905, in 
which a diffractive structure is arranged in the optical path. The structure has a temperature- 
dependent grating period, causing the direction of the diffracted beam to depend on the 

10 temperature. An appropriate combination of the diffractive structure and one or more lenses 
can reduce the effects of temperature changes. A special class of diffractive solutions is 
described in patent application WO 00/13048 in which stepped diffractive surfaces are 
employed to reduce temperature induced changes in an optical system. The stepped 
diffractive structure can be considered as a combination of a refractive substrate and a blazed 

15 kinoform with zero combined power. Although a grating can be designed to yield 100% 

efficiency, actual gratings never attain such a high efficiency. This reduction of the efficiency 
of the light path of the optical head is disadvantageous in optical recorders, which require a 
large amount of radiation energy for writing information in the record carrier. In general such 
periodic grating structures result in a large number of zones that are difficult to manufacture. 

20 It is an object of the invention to provide an optical head in which the effects 

of temperature changes have been reduced without the above mentioned disadvantages. 

This object is achieved if, according to the invention, the compensator 
comprises a phase structure of a material having temperature-dependent properties, the phase 
structure having the form of annular areas forming a non-periodic pattern of optical paths of 

25 different, temperature-dependent lengths, the optical paths forming a second wavefront 

deviation compensating the temperature-dependent first wavefront deviation. If the material 
of the phase structure and the optical paths of the annular areas are properly chosen, the 
phase structure of the annular areas introduce a wavefront deviation in the radiation beam 
having the correct shape and temperature dependence to compensate the wavefront deviation 

30 of the optical system. The phase structure does not impose restrictions on the elements of the 
optical system, thereby leaving a great freedom of design. An ether aspect «*-iatp.rt to this 
freedom is that the annular areas forming the non-periodic pattern can be made relatively 
wide, which improves the manufacturability significantly at the expense of less perfect but 
still sufficient compensation of the wavefront deviation. 
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It should be need, that me phase stiucure according » the invention has a 
non-periodic pauern, and, thetefore, dc*s no, for. diffraction orders. As a congee me 

very suiuble for use in an optica, head that re,uir=s a change in wavefron, ,n dependence on 

dependent wavefron, changes without appreciable loss of radiation energy. 

In a preferred embodiment the opto, head comprises an objective system 
imparting spherical aberration as the first wavefron, deviation to the radiation bean, If the 
thermal,, induced defocus is corded for automatical* by the focus ^ 
spherical aberration need o„,y be compensated, which can advantageous* be earned out by 
the compensator according to the invention. 

In another embodiment of the optica, head the optical system composes a 
commator ,ens and an objective lens, the collimator lens being anrauged Coser to the 
nation source man the objective lens, the objective lens imparting defocus as the tat 
wa vefron, aberration to the radiation beam. Since the collimator is used in a ,ow-NA 
nation beam, the temper-induced sphetica, aberration is small and does no, remnre 
compensation. The ,herma„y induced defocus wil, cause me collima,or lens ,o opera,e 
outsl its design conjugates, re-ng elsewhere in ,he optica, path in aberrations such as 
spherical aberration. Such a defocus is preferabiy compeared by the compensator 

to a preferred embodiment of the optica, se, the differences between the 
optical paths atadesign temperature are multiples of the firs, wavelength. The phase 
structure will no, affec, me radiation beam a, the design temperature, whereas ,, w,,l 
introduce a wavefron, deviation in theradration beam a, differen, temperatures. 

A preferred embodiment of the optica, e.emen, mCudes a, leas, one difference 
; of optica, pa,h co.ua, ,o two or more times the firs, wave,eng,h. A,,h„ugh mos, wavefron, 

deviations can be reused by using s,ep heights between neighbor — J. - the 
waveiength.theuseofstepheightsof.woormo.timesmefrstwaveiengthhas.he 

the wid,h of ,he areas increased. The larger areas faci,i,a,e me manufacure of me phase 

. i. _u*.« \i/QVp.lp.r»(?tn are 

,he phase stiucure. The smaller areas resulting, run. --- 
olfflcul, ,o manufacure accurate* using ,he enrren, state of the art in cutting «=o.s. The 
maccuracyofaphasestn.cturehaving.hesesmaherareasresuusin.ossofrad.ationdueto 
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consequently, less loss of radiation. The less accurate approximation of the desired wavefront 
deviation caused by the larger steps results in uncompensated aberrations. These aberration 
can reduce the quality of a spot formed by the radiation beam on the information layer of an 
optical record carrier. However, the overall performance of a scanning device using the phase 
5 structure having the large steps is better than that of a scanning device using the phase 

structure having the small steps. Hence by adjusting the width of the zones one can exchange 
the extent of the wavefront aberration correction and the ease of manufacturing. 

In a special embodiment, the compensator corrects a first wavefront deviation, 
which has a temperature-dependence due to changes in wavelength of the radiation beam 
10 generated by the radiation source when the temperature of the radiation source changes. The 
change in wavelength of the radiation beam may cause dispersive optical elements to induce 
defocus or spherical aberration in the radiation beam. 

A further aspect of the invention relates to an optical system comprising an 
optical element and a compensator, the optical element being arranged in the path of a 
15 radiation beam and imparting a temperature-dependent first wavefront deviation to the 
radiation beam, the compensator being arranged in the path of the radiation beam for 
compensating the first wavefront deviation, in which the compensator comprises a phase 
structure of a material having temperature-dependent properties, the phase structure having 
the form of annular areas forming a non-periodic pattern of optical paths of different, 
20 temperature-dependent lengths, the optical paths forming a second wavefront deviation 
compensating the temperature-dependent first wavefront deviation. The optical element is 
preferably an objective system or a collimator lens. 

In a special embodiment of the optical system, the wavefront deviation is 
spherical aberration. The compensation of the spherical aberration allows the use of plastic as 

25 material for the objective lenses. 

In a special embodiment of the optical system the wavefront deviation is 
defocus Defocus is a wavefront deviation that is quadratic in the radius of the radiation 
beam. The quadratic form modulo the wavelength can be approximated by the wavefront 
steps introduced in the radiation beam by the annular areas. The change in focal position 

30 caused by the defocus can advantageously be used in an optical head of a recorder by 


compensating the thermally induced dciucu* 


t • 
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The objects, advantages and features of the invention will be apparent from the 
following more particular description of preferred embodiments of the invention, as 
illustrated in the accompanying drawings, in which 

Figure 1 shows a scanning device according to the invention; 

Figure 2 shows a cross-section of the compensator; 

Figure 3 shows the wavefront aberration of the objective lens at an elevated 

temperature; and 

Figure 4 shows the wavefront aberration of the combination of the objective 
lens and the compensator at the elevated temperature. 


10 


Figure 1 shows a device 1 for scanning an optical record carrier 2. The record 
carrier comprises a transparent layer 3, on one side of which an information layer 4 is 
arranged. The side of the information layer facing away from the transparent layer « 
! 5 protected from environmental influences by a protection layer 5. The side of the transparent 
layerfacing the device is called the entrance face 6. The transparent layer 3 acts as a substrate 
for the record carrier by providing mechanical support for the information layer. 
Alternatively, the transparent layer may have the sole function of protecting the info- 
layer while the mechanical support is provided by a layer on the other side of the 
20 informationlayerjorinstancebytheprotect^ 

atransparent layer connected to the information layer 4. Information may be stored m the 
information layer4ofthe record carrier in the form of optically detectable marks arranged m 
substantiallyparalleUoncentricor spiral tracks, not indeed in the Figure. The marks may 
be in any optically readable form, e.g. in the form of pits, or areas with a reflects ^ 
25 coefficientoradirec^ 
of these forms. 

The scanning device 1 comprises a radiation source 1 1 that can emit a 
radiatton beam 12. The radiation source may be a semiconductor laser. A beam splitter 13 
reflects the diverging radiauon beam ,2 towards a collimator lens 14, which converts the 
30 diverging beam 12 into a collated beam 15. The collimated beam 15 is incident on a 

.t * ~c />rJiimsitpd beam in 

transparent compensator 16, wmcn moonres *»™.™ - — • • 

dependence on the temperature in the scanning device. The beam 17 commg from the 
compensator ,6 is incident on an objective system .8. The objective system may compnse 
one or more lenses and/or a grating. The objective system 18 has an optical axts 19. The 
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objectivesystem 18 changes , he beam 17 ,o a converging team 20, incidenton theentrance 
face 6 of ,he record carrier 2. The objective system has a spherical aberration cordon 

The converging beam 20 forms a spot 21 on the information layer 4. Radiation reflected by 
the information layer 4 forms a diverging beam 22, transformed into a subs.ant.ally 
coiiimated beam 23 by .he objective system 18 and subsequently mto a converging beam 24 
by the coffimato, lens .4. The beam splitter 13 separates the forward and reOected beams by 
transmitting at leas. par. of the converging beam 24 towards a de.ec.ion sys.em 25. The 
detection system captures the radiation and converts it into electrical output signals 26. 
signal processor 27 converts these output signals to various other signals. One of the stgnals 
is an information signal 28, the value of which represents information read from me 
information layer 4. The information signal is pressed by an mformation processing urn, 
,o, enor correction 29. Other signals from the signal processor 27 are the focus error signal 
and radial error signal 30. The focus error signal represents me axial difference in hetgh, 
between the spot 21 and the information layer 4. The radial error signal represents the 
distance in .he plane of me information layer 4 be.ween the spot 21 and .he cenme of a track 
i„,heinf„rma,ionla y er.„befo,.owedby .he spo,The focus error signal andtheradiale^ 

si^ai are fed in.oaservoctrcui.31, which converts these signa,s to servo con.ro, stgnals 32 
for con.roll.ng a focus actuator and a radia! actuator respectively. The — are no. 
j shown in ,he Figure. The focus actuator controls the position of .he objective system 18 » 
the focus direction 33, thereby controlling the actual position of the spot 21 such that tt 
coincides substantially wi,h .he plane of.be information layer 4. The radia, actuator controls 
the position of the objective lens 18 in a radia, direction 34, thereby controlling *e radtal 
pos,,ionof.hespot21snch,ha,i.coincidessub S ,an«ia,l,with,hecentia,.ineoftiac k .ob= 
25 Miowedin.heinformationlayer^etiacksinmeFigurentninadirectionperpendtcular 

to the plane of the Figure. 

The device of Figure 1 may be adapKd (o scan also a second type of record 
carrier having a thicker .ransparen. layer .ban .herecord carrier 2. Thedevice may use the 
radiation beam 12 oratadiation beam having a different wave,engm for scanningthe record 
30 canter of the second type. The NA of mis radiation team may be adapted to the type of 
record carrier. The spherical aberration compel" oi ».* o^,- 

adapted accordingly. 

The objective system 18 shown in Figure 1 is formed by a single lens having 

an NA of 0.65 for operation at a wavelength of 660 nm. The lens is made of COC (Topas). 
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The refractive index of COC is n=1.5309, the linear expansion coefficient a is equal to 60 10" 
6 /K, while the change P of the refractive index as a function of temperature, i.e. P = dn/dT, is 
equal to -10 10' 5 /K. The entrance pupil diameter of the objective lens is 3.3 mm. The 
thickness on the optical axis of the objective lens is 2.194 mm. Both surfaces of the objective 
lens are aspheric. The rotational symmetric shape can be described by the equation 


z(r) = B 2 r 2 + B 4 r 4 + B 6 r 6 + 


with z being the position of the surface in the direction of the optical axis in millimeters, r the 
10 distance to the optical axis in millimeters, and B k the coefficient of the k-th power of r. The 
values of B 2 to Bi 6 for the surface of the objective lens facing the radiation source are 
0.30688174, 0.012537039, 7.4612311 10 -5 , 0.00034483975, 6.5753831 10" 5 , - 
g 0.00010465506, 2.3627344 10" 5 , -1.2396363 10" 6 , respectively. For the surface of the 

p objective lens facing the disk these coefficients are given by -0. 1 1 14228, 0.02852619, - 

J= 15 0.0046668186, -0.0036752428, 0.0063619582, -0.007503492, 0.0046641069 and - 
^ 0.0010757204, respectively. The distance between the objective lens and the disk is 0.990 

fll mm. The cover layer of the disk is 0.6 mm thick and is made of Polycarbonate with refractive 

y index n=1.5796, linear expansion coefficient a equal to 67 10" 6 /K, while the change P of the 

~ refractive index as a function of temperature, i.e. P = dn/dT, is equal to -1 1 10 /K. At the 

^ 20 design temperature T 0 of 20 °C the lens has the correct spherical aberration compensation for 
H= the transparent layer 3 of the record carrier 2. When the temperature of the objective lens 

deviates from To, the change in shape of the lens and in the value of the refractive index 
causes additional spherical aberration to be introduced in the radiation beam, the amount of 
the aberration being proportional to the change in temperature. Since this aberration is not 
25 required for the compensation of the spherical aberration introduced by the transparent layer 
3, the aberration will reduce the quality of the focal spot 21. The compensator 16 is adapted 
to compensate the temperature-dependent spherical aberration of the objective lens. 

Figure 2 shows a cross-section of the compensator 16. The compensator 
comprises a transparent plate 50, one surface of which is a phase structure, which is 
30 rotationally symmetric around the optical axis 19. The phase structure has a central area 51 
and four concentric annular areas 52, 53, 54 and 55. The annular areas S2, and 54 <uc lings 
with a height of hi, h 2 and h 3 above the height of the central area 51. The height of the areas is 
exaggerated with respect to the thickness and radial extent of the plate 50. The rings are made 
of a material having a refractive index n(T), where T is the temperature of the compensator. 
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The plate 50 may also be made of the same material as the rings. The heights h, are each 
equal to mjh, with mj an integer and h equal to 

where X is the wavelength and n(T 0 ) is the refractive index of the material of the rings at the 
5 wavelength X and the design temperature T 0 . In this particular example the compensator is 
made of COC. As a result, the height h is then equal to 1.2432 »m. Since each of the annular 
areas introduces a phase change of a ( mj 2ft) in the radiation beam at the design temperature, 
the phase structure does not change the wavefront of the radiation beam. 

When the temperature changes, the shape of the stepped phase structure will 
10 change; hence, the height of the rings will change, the amount of change depending on the 
linear expansion coefficient a. Since the steps have been chosen to be wide, the change m 
width of the annular areas has a negligible effect on the performance of the phase structure. 
The refractive index of the material of the structure will also change as a function of 
temperature, the amount of change depending on f> = dn/dT. Consequently, the length of the 
15 optical paths through the annular areas will depend on the temperature of the phase structure. 
Note that the temperature dependence of the performance of a non-periodic phase structure is 
clearly different from that of a grating. The temperature dependence of a grating arises from 
the expansion of the zone width, while the refractive index change has no effect on the rays. 
For a grating a change in refractive index only affects the efficiency of a particular diffraction 
20 order. 

The phase change <fc of ring j of the structure, the ring having a height hj, is 
now determined for a temperature change of AT and relative to the phase of the structure at 
the temperature T„ If an isotropic expansion of the stepped structure is assumed, the phase 
change is given by 


25 0j = 2n 


(hj + AhjXn + An-l ) 


-m- 

X J 


= 2tf 


Ah, h,An 


_J_ + _J 

h h(n-l) 


(2) 


where equation (1) has been used and terms quadratic in a difference have been neglected. 
Furthermore, in (2) we have used that n = n(T 0 ) and An = n(T)- n(T 0 ). Since 

„,U AT - ^vm h AT @) 
mij — ^ " j— j 

311(1 (4) 

30 An = /? AT 

the phase change is 
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Using the above parameter values for COC, this gives 

(6) 

<j> =-0.00081mjAT 

If the optical head operates at a temperature of 50°C, i.e. AT = 30 K, the objective lens 
5 introduces 31.2 mX RMS temperature-induced spherical aberration. Figure 3 shows a cross- 
section of the wavefront W as a function of the normalised radius r of the radiation beam. 
The phase change <fc introduced by ring j of height (mjh) at 50°C is now 4.0243m, radians. 
The values of the integers m, for each of the rings in the phase structure must be chosen such 
that the phase structure will introduce a wavefront deviation that approximates the sphencal 
10 aberration wavefront of Figure 3 but with opposite sign. Table I shows the results of the 
optimisation by the radii of the four annular areas shown in Figure 2, the height of each area 
and the relative phase of the radiation beam after passage through each area both for a 
temperature of 50°C and 0°C. In the latter case AT = -20 K. 


begin area 
(mm) 

end area 
(mm) 

height m*h 
(urn) 

m 

<j>j (50°C) 
(radians) 

<b(0°C) 
(radians) 

0.0 

065 

0.65 
1.00 

0 

-13.675 

0 

41 

0 

0.2673 

0 

-0.1782 

1.00 

1.53 

-28.594 

-23 

0.5589 

-0.3726 

1.53 

1.58 

-11.189 

-9 

0.2187 

-0.1458 


15 


Table I 


A negative value of the height indicates a depression in the plate 50 instead of a rise as shown 
in Figure 2. Figure 4 shows the wavefront error at 50°C when both the objective lens and the 
compensator are arranged in the radiation beam. The wavefront error is now 12.3 mA. 
20 Consequently, the compensator reduces the aberration of the objective lens caused by the 
temperature change from a wavefront error of 31.2 mX to 12.3 mk, hence a reduction of a 
factor of 2.5. If the same phase structure is used at 0°C, the wavefront error is reduced from 

shown here 

26 8 mX to 10.0 mk RMS, hence a reaucuon m a iaw«i »»*.... * " - 

only the reduction for two values of the temperature, because both the wavefront deviation 
25 introduced by the objective lens and the compensator are proportional to the temperature 
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change, the reduction factor of approximately 2.5 will hold also for a whole range of 
temperature deviations around the design temperature. 

Table I shows that the distribution of step height is clearly non-periodic. 
Furthermore, by letting the difference between subsequent values of m, be larger than one 

5 opens the possibility to make the annular areas wide, which makes the structure easier to 
manufacture. As a result the compensation of the temperature effect is not perfect as can be 
observed in Fig. 4, which show a remaining or rest wavefront aberration. Increasing the 
number of annular areas result in a lower rest wavefront aberration but also in a structure 
that is more difficult to make. The great advantage of making the structure non-period* » 

10 that the designer can choose the right balance between complexity of the structure versus the 

remaining rest aberration. 

The compensator 16 and the objective system 18, shown as separate elements 
in Figure 1, may be integrated by arranging the phase structure 51 to 54 on a lens surface of 
the objective system. Preferably, the phase structure is arranged on an aspheric lens surface. 
15 If the aspheric surface is formed by a mould in a replication process, the phase structure can 
be incorporated in the mould. In this way the compensator can be added to the optical head at 

a very low additional cost. 

In a second embodiment of the optical head the compensator 16 is used to 
compensate defocus caused by the collimator lens 14 when its temperature deviates from the 
20 design value. Since the distance between the radiation source 1 1 and the collimator lens 14 « 
fixed the defocus will change the vergence of radiation beam 15 and, hence, the operate of 
the objective system 18. The compensator can be designed to introduce a temperature- 
dependent defocus in the radiation beam compensating the defocus of the collimator lens, 
following a procedure similar to the above procedure for compensating spherical aberraUon. 
25 The device is similar to the one shown in Figure 1. The compensator 16 is placed in the 

parallel beam in front of the collimator lens 14. The collimator lens is made of COC and has 
an entrance pupil diameter of 33 mm and a numerical aperture of NA=0. 15. The wavelength 
of the laser source is 660 nm. The thickness of the lens on the optical axis is 1.25 mm. The 
surfaces of the collimator lens facing the compensator is aspheric. The rotational symmetnc 
30 shape can be described by the equation 


z(r) = B 2 r 2 + B 4 r 4 + B 6 r 6 + 
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with , being the posn.cn of the surface in the direction of the opUca, axis ,n rmlhme^ 
d to c e ,ofteop ti caUx i si„n., Um c tK s,anoB lUn eco e mcie„.ofu,e k -,hpow eI o f ,ne 

va 1 „esofB jt oB 6 for.h e su rf accof,heobjec, i v=.c„sfacing,he ra d i ado„ S o» K ea. 

0 0859.3:46,0.00026972129,1.0285693 W, respectively. The surfaceof .he collimator 
IB .^d-i--^<.^TI-di^^*•^'»•» ^,l --*• , - 
„f fteradiation source is 10.146 mm. A changeof the ***** » 50°C results 

shift of 0.078 mm. Hence ,he distance between ft. radiation source and collimator lens 
sh „ uW increaseinorde,forfteco„ima t or,ens Btt a„sfon»fte laser beam 

beam The corresponding root mean square valueof the opncal path ftfference (OPD„ doe 
t „ftedefocu,wavefron,deviauo„isOPD„ = 0.387X.Thephasechange* i introduc 0l b y 

nngjofheightm^atSO-CissWiartoftatinthefirstemb^iment^m^diansThe 

.a.uesofthein^ers^foreachofftenngsinftephasesu.cruremustbechosensuch.ftat 

the phase structure will introduce a wavefron, deviation that approximates the defocus 
wavefrontarisingduetocollimator lens but with opposite sign. T* H shows the ^,.0 

and the relative phase of the radiation beam after passage through each area for , temperas 
ofSOXDuetothep^nceofftecompensatordescntedinTablenthedefocuswavefron, 

ueviation is reduced to OPD m = 0.035 X, or a reduction by a factor of e.even. This Auction 
lot he firs, embodiment. As aresul.of thenon-periodic design o, me structure only thnuen 

on stepM diffractive surfaces as described in WO0O/13O48, which requtres more than 300 
annulLas to achieve a similar resuit. The price ,0 pay for this large reduction m number 
„, annular areas is that a residua, wavefron. aberration remains, which, however, can be 

1 made low enough to guarantee a good operation of the system. 
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The phase structures for .he compensation of «he spherical abenatton and ft. 
defocus may be mtegrated in one compensator. Tnis combed compensator may be 
int egra,ed with the objective system or the collimator ,en, The objective systen .may a,so 
compnse a grating. The number of rings in the compensator is determmed by a balance 

in Rgure 4, thereby improvmg the compensation. However, a higher number of nngs 

edges of the steps. . 

Although the described embodiments of the compensator are used m 

rcfleC "° n ' in rne described embodiments the effects of the wavelength change of the 
nation source in dependence on the temperature has no. been taken into account. Itts 

20 changes. The change in wavelengm is proportional .0 .he .emperature change, and can thus 
„ written as v - dX/dT. Since a change in wavelength also affects the phase mtrcduced b, 
,he annular step, an additional contribution to the phase arises. Taking this term ,n.„ 

Equation (5) becomes then 


15 


PHN 17.870 


13 


= In 


a + 


fi _L 
n-l A 


m y AT 


13.12.2000 


(7) 


resulting step height distribution can be adjusted accordingly. The non-periodic 


and the 

structure can be designed in the same way as 
equation (7) must be used instead of (5). 


described in the first embodiment, except that 


